Bipolar disorder is a severe, lifelong psychiatric disease. The main underlying pathophysiology of the disease is still incomprehensible. Various studies have suggested that many genes of small impact in combination with environmental factors contribute to the expression of the disease. In this study comparative transcriptomic profiling to characterize skin fibroblasts' gene expression of bipolar disorder patients compared to healthy controls has been performed. Skin fibroblast cells from bipolar disorder patients (n=10) and marched healthy controls (n=5) have been cultured. RNA was extracted and then hybridized onto Illumina Human HT-12 v4 Expression BeadChips. Differentially expressed genes between bipolar disorder samples and healthy controls were identified by performing unequal t-test on log 2 transformed expression values. The resulting gene list was obtained by setting the p-value threshold to 0.05 and by removing genes that presented a fold change ≥ |0.5| (in log 2 scale). We concluded to 457 differentially expressed genes. Among them 127 showed an upregulation and 330 were downregulated. Τhe expression alterations of selected genes were validated by quantitative real-time polymerase chain reaction. In order to derive better insight into the biological mechanisms related to the differentially expressed genes, the lists of significant genes were subjected to pathway analysis and target prioritization indicating various processes such as calcium ion homeostasis, positive regulation of apoptotic process and cellular response to retinoic acid.
Introduction
Bipolar Disorder (BD) also known as manic depressive illness is a prevalent and severe psychiatric disorder characterized by mania cycled with depression. Patients with BD have to deal with big suicide risk, loss of productivity, high clinical and social costs, decreased life quality of themselves and their families, lifetime duration of the disease and problems in their social relations [1, 2] . Bipolar disorder has three subtypes: bipolar I (one or more manic or mixed episodes usually followed by major depressive episodes), bipolar II (one or more major depressive episodes followed by one or more hypomanic episodes) and cyclothymic disorder (many hypomanic episodes and depressive symptoms for more than two years) [3] . The disease is treatable mainly with lithium in combination with antidepressants , other mood stabilizers and with psychotherapy [4] . The pharmacological treatment mainly targets imbalanced biogenic monoamine neurotransmitter systems [5] . Still, the disease remains incurable with possible relapse episodes even after maintenance treatment [6] .
The etiology of BD remains obscure. It seems to be a complex disease with many different underlying molecular mechanisms. There are many studies indicating a combination of environmental and genetic factors that lead to the onset of the disease. The genetic background is indicated from the high heritability of the disease based on twin, family and adoption studies [7] . Despite the strong evidence of the genetic background, the genetic causes remain unknown due to the involved complex, interacting genetic factors in combination with environmental factors. None of the susceptible genes identified so far can be characterized as the major contributor to the disease mechanism [4] .
Microarray Studies
The microarray technology allows studies of genetic contributions to complicated disorders. This technology provides quantification of gene expression in a genome wide level, in different tissues [8, 9] . Many studies have compared RNA levels of healthy control and BD samples mainly from brain and blood [10, 11] . The aim of such studies is to identify upregulated and downregulated genes as well as the pathways that they are involved. Blood samples have the advantage that they can be easily collected. Τhe brain is the most relevant tissue for BD studies and differences in gene expression between the two tissue types is expected. Postmortem brain samples though, concern dead patients leading to decreased ability of sample collection. Additionally, taking in mind that the RNA is relatively instable, postmortem factors such as hypoxia and brain tissue pH may affect the gene expression levels. Consequently, the measured results from such studies of postmortem brain samples could lead to disturbed disease expression profile. This might also be one of the reasons for the heterogeneity that these studies present [12] .
Fibroblasts as a cell model
Experiments using skin fibroblasts have been performed in studies of psychiatric diseases in search of their causes and diagnoses. Such studies are particularly important where no or only poor animal models exist for psychiatric diseases. The rationale of these experiments is based on the idea that changes in the brain, or generally alterations concerning a psychiatric disease can be modeled or reflected by changes in the physiology and biochemistry of the peripheral tissues like fibroblasts. This idea is enhanced by the fact that fibroblast cells retain the regulatory genomic features of the individuals from where they were obtained even after several passages of culture. In this way it is possible to study how inheritable DNA and RNA mutations, or generally how modifications in genes affect normal biological functions in psychiatric diseases [13] . Fibroblast cells are considered to be free of medication, hormonal and dietary effects after four to six passages in culture, but still epigenetic effects of neuroleptics on transcripts in fibroblast cannot be totally eliminated for the first days in their cultures [14] .
Skin fibroblast cells are easily obtained, cultured and maintained and in comparison to other cell types they can be grown in larger amounts and are stable for many generations [13] . Fibroblast cells are a particularly good model for studies of cell membrane amino acid transport. The endothelial cells of blood brain barrier express similar amino acid transport systems with fibroblast cells. There are enzymes and receptors expressed in fibroblast cells that are also expressed in neurons [15] . In addition it has been reported that fibroblasts have the capacity to be transformed into neurons, an appropriate cell type for molecular studies related to central nervous system disorders [16, 17] .
Fibroblast studies have provided knowledge of human genetic neurological diseases such as Lesch-Nyhan syndrome, lysosomal storage disorders and Tay-Sachs disease (Niemann-Pick disease) [18] . Moreover, fibroblast cell model has been also used in the study of molecular mechanisms implicated in BD [13] . In any case, confirmatory studies concerning brain cells may be needed when using the fibroblast cell model, as it does not fully represent the diseased tissue usually located in the brain. The relation of homeostasis and molecular alterations in fibroblast cells with the pathophysiology of the disease might not be always clear. However, fibroblast studies may point ways for further studies based on new hypothesis, drug testing and diseased individuals' sub-classification [14] .
Amino acid transport and fibroblasts
The neurotransmitters dopamine and serotonin are synthesized in central nervous system, and their availability depends partly on their precursor's availability. The precursors of dopamine and serotonin are tyrosine and tryptophan [19] . In order to study their transport into the brain through the blood brain barrier, fibroblast cells have been used as an experimental model [15] . Studies on fibroblast cells of BD compared to healthy control fibroblast cells have shown a decreased tyrosine transport across fibroblast cell membranes. BD has been linked to altered neurotransmission systems (altered dopaminergic, serotonergic and noradrenergic functions) and to aberrations in regions of brain related to emotional processes. The altered transport of tyrosine might be an indication of decreased dopamine access into the brain as tyrosine is the precursor of dopamine. That could further affect the dopaminergic and noradrenergic neurotransmission, and subsequently other neurotransmission systems, such as the serotonergic system [20] .
Aberrant amino acid transport and membrane dysfunctions
Dysfunctional amino acid transport is a repeating finding in mental diseases, such as schizophrenia (SZ), BD and autism [15, 19] . These findings in combination with other studies indicate dysfunctional signal transduction as well as altered membrane metabolism and composition, considering that amino acid transporters are embedded in cell membranes [21, 22] . BD has been previously related to membrane dysregulation through the membrane theory. The basic hypothesis of this theory is that abnormalities are generated due to increased removal of essential fatty acids in combination with reduced fatty acid incorporation into membrane phospholipids [23] . Additional studies on molecular mechanisms, gene mutations, gene expression alterations, cytokine effects, membrane functionality and structure, as well as transport studies are necessary in order to translate the research findings that are available so far [24] .
In order to further elucidate the relation of the abovementioned molecular mechanisms with gene expression, we used high-throughput transcriptomic profiling of skin fibroblast cells from BD patients. Analyses on transcriptomic and functional level were performed in order to elucidate BD related abnormalities through BD related transcriptomic signatures in fibroblasts.
Materials and Method

Fibroblast cultures and RNA extraction
Fibroblast cells were cultured from skin biopsies obtained from 10 patients (six men and four women aged 29-77 years) diagnosed with bipolar type-1 [20] , according to DSM-IV criteria [25] . Fibroblasts from 5 volunteers, without a diagnosis of a psychiatric disease were used as matching controls. The Ethical Committee at Karolinska University Hospital approved the study. Τhe required informed consent from patients and controls was obtained before performing the study. The fibroblast cells were cultured in 75 cm 2 plastic tissue culture flasks, containing minimal essential medium supplemented with 10% fetal bovine serum, l-glutamine (2 mM/l), penicillin (100 mg/ ml), streptomycin (100 mg/ml) and Amnio-MaxTM. The cells were maintained in a humidified atmosphere of 5% CO 2 in air at 37°C for approximately 4 weeks, until sufficient amount of cells had achieved. The cells were harvested by using EDTA and trypsin solutions and were washed and stored in -80°C until they were used for RNA extraction. Cell lines between 8th and 13th passages (number of splitting) were used for the experiments. All growth media, antibiotics and fetal bovine serum were obtained from Gibco Invitrogen cell culture (Sweden). Tissue culture flasks were from Costar Europe Ltd., Costar NY.Total.
RNA was extracted from all samples by using NucleoSpin® RNA ll kit (Macherey & Nagel Ltd., Oensingen, Switzerland) according to the instructions provided by the manufacturer. RNA samples extracted from the five healthy control subjects were pooled into two samples for the microarray analysis, in order to limit the individual case-tocase variation of gene expression that is unrelated to BD. RNA quality and quantity for all samples were assessed using a high-resolution electrophoresis system Bioanalyzer 2100 (Agilent, Santa Clara, California).
Microarray hybridization and data analysis
Gene expression analysis was performed by Cambridge Genomic Services (Department of Pathology, Cambridge University, Tennis Court Road, Cambridge CB2 1QP) using Illumina HumanHT-12v 4.0 Expression BeadChip (>47 000 probes). The data discussed in this publication have been deposited in National Center for Biotechnology Information Gene Expression Omnibus (GEO) [26] and are accessible through GEO ID: GSE69486 (http://www.ncbi.nlm.nih.gov/geo/query/ acc.cgi?acc=GSE69486).
The raw signal intensity data were imported into the Flexarray software tool [27] for microarray data analysis. Briefly, background corrected values were log 2 transformed and normalized with the quantile method [28] . A probe was considered present if the detection p-value set by Illumina was below 0.01. Probes scoring above 0.01 were considered as absent. Probes absent in more than 40% of the replicates in both conditions (BD and healthy control samples) were excluded from further analysis. Data filtering was applied after normalization procedure.
Statistical Analysis
For the identification of differentially expressed (DE) genes unequal t-test on log 2 transformed expression values was performed. Fold change (FC) values were calculated for each gene as the difference of the mean intensity of the control samples from patient samples. For any comparison, genes with a p-value ≤ 0.05 and a FC (in log 2 scale) ≥ |0.5| were considered to be differentially expressed. Multiple test correction was applied using false discovery rate (FDR) adjustment of Benjamini and Hochberg [29] , with the adjusted p-value cutoff ≤ 0.05.
Reverse transcription, real-time quantitative polymerase chain reaction (qPCR) validation and correlation with microarray data
500 ng of RNA were reverse-transcribed using Superscript III reverse transcriptase (Invitrogen, Carsland, CA, USA) and random hexamer primers according to the manufacturer's instructions. qPCR was performed with SYBR Green I (Biorad, Hercules, CA, USA) on an iQ5 real-time polymerase chain reaction (PCR) detection system (Biorad, Hercules, CA, USA). All assays were performed in triplicate in a 25 μL reaction by a standard thermal protocol: 95°C for 3 min, followed by 40 cycles of 95°C for 30s and 60°C for 60 s. Specificity of the amplified PCR product was assessed through a melting curve analysis. The primers used in the qPCR are listed in (Table 1) . Primers were designed with Primer-BLAST and one primer per pair was designed to span an exon-exon junction [30] . All of the PCR primers were synthesized by VBC-Biotech (Vienna, Austria). Threshold cycle (Ct) values obtained from the exponential phase of the PCR amplification plot for each target transcript were normalized to Ct values from assays of transcripts encoding the glyceraldehyde-3-phosphate dehydrogenase (GAPDH). GAPDH was chosen as the housekeeping gene for the normalization of target genes as it was consistently expressed in similar levels in all microarray samples. Gene expression was presented using a modification of the 2 −ΔΔCt method, first described by K. Livak [31] . The mean expression of the two sample groups was compared using one-tailed t-test. From these values, fold-differences in the levels of transcripts between BD and healthy control cell cultures were calculated by dividing the average 2 -ΔCt of the two conditions as it is described by Livak et al. [32] .
Pathway analysis and target prioritization of DE genes
Statistical enrichment analysis was performed for the list of DE genes using the Statistical Ranking Annotated Genomic Experimental Results (StRAnGER) [33] web application. StRAnGER is a bioinformatic tool that based on the gene ontology (GO) term annotations [34] and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways [35] , performs statistical overrepresentation tests and it is further corrected by resampling methods. More specifically, the annotation based analyses provide a list of terms and pathways, derived from hypergeometric tests with values <0.05. These terms have also been reordered according to bootstrapping for correction of statistical distribution-related areas. For further prioritization of genes of interest, functional implication of genes in cellular processes is studied. Through this process candidate hub genes are indicated. For the identification of hub genes we used the bioinformatic tool GOrevenge, based on the theoretical topology of the GO terms-gene interaction network. After we have imported the list of interest we adopted the following settings: Aspect: Biological Process, Distance: Resnik, Algorithm: BubbleGene and Relaxation: 0. By selecting those settings, interactions contributing to the bias related to the existence of functionally unnecessary terms are excluded. Consequently the centrality or in other words relation of the genes to specific biological phenotypes is estimated [36] .
Results
Gene expression changes
The bioinforrmatic analysis revealed 16396 present probes out of 47316 probes after filtering procedures. Among them 1275 probes considering only the p-value cutoff were differentially expressed between BD samples and healthy control samples. After the filtering step, the scatterplot ( Figure 1 ) was drawn based on the 16396 remaining probes. The majority of probes were expressed in a similar way between the healthy control samples and BD samples. Statistical significant probes (N=483) with the p-value cutoff (≤ 0.05) and the FC cutoff (≥ |0.5|) are also depicted in (Figure 1 ).
The DE genes were defined on the basis of FC cutoff of the mean expression values of the two groups and the p-value cutoff (0.05). The number of DE genes according to the corresponding FC cutoff is presented in ( Table 2 ). After adjusting for multiple testing and applying the adjusted p-value ≤ 0.05, the number of genes dramatically decreased to 15. The list of genes after the FDR adjustment is presented in ( Table 3 ). These results yielded conservative results preventing from further gene expression analysis. Thus standard statistical analysis was used for further exploration of the biological signal of the data. More specifically genes with a p-value ≤ 0.05 and a FC (in log 2 scale) ≥ |0.5| were used for the pathway analysis and the identification of hub genes. The DE genes according to these criteria are listed in (Supplementary Table 1 ).
The hierarchical clustering of the gene expression could separate BD subjects and healthy control samples as shown in ( 
Discussion Expression alterations of selected hub genes
The genes that were shown to be important in our study based on our various bioinformatic analytical tools were examined in relation to their implication in BD and in related mental diseases. More specifically by applying the statistical criteria and according to GOrevenge results ( Supplementary Table 14 ), PPARG and ENPP1 were among the candidate hub genes and their gene expression alterations between BD and healthy control samples have been also confirmed from the qPCR analysis. The gene PPARG encodes a peroxisome proliferator-activated receptor that belongs to a family of nuclear receptors, while ENPP1 gene encodes an ecto-nucleotide pyrophosphatase/phosphodiesterase, which is a type II transmembrane glycoprotein [provided by RefSeq].
Findings from the GOrevenge analysis showed that the upregulated MAP2K6 and the downregulated MAPK9 ( Supplementary Table  14 ) genes were also candidate hub genes. Mitogen activated protein kinases (MAPK) are generally involved in neuronal differentiation, survival and plasticity and various other cellular processes. MAP2K6 belongs to the signal transduction pathways related to cell cycle arrest, transcription initiation and apoptosis. MAPK9 kinase targets transcription factors, and as a result facilitates early gene expression in response to cell stimuli [provided by RefSeq]. The importance of these genes is enhanced by the action of lithium and valproate on MAPK/ extracellular signal-regulated kinases signaling cascades, as it has been reported [37] . Table 14 ) also showed that WNT2 was among the downregulated top ranked genes. WNT2 belongs to a family of genes that encode secreted signaling proteins [provided by RefSeq]. According to the literature the Wnt signaling pathway may be affected in BD. More specifically, it has been found that in monozygotic twins discordant of BD there is a differential expression in genes involved in Wnt signaling pathway. It should be pointed out that the already mentioned PPARG gene belongs in the Wnt-signaling pathway. Association studies of 317 families with 554 BD offspring and their parent identify a relation of BD with the peroxisome proliferator-activated receptor (PPAR) family. In general there are a lot of indications suggesting Wnt polymorphisms are associated with BD probably through inflammatory pathways. Further studies are suggested for the better understanding of the associations between Wnt gene polymorphisms and BD and their relations with the serotonin signaling [38] . It is of great interest that WNT2 gene is also involved in the etiology of autism [39] .
GO revenge analysis (Supplementary
Gene
Forward primer Reverse primer interest that performed particular expression alterations are described in the following sections.
qPCR results
In order to examine the general consistency of the microarray experiment, we compared the expression levels of five DE representative genes, obtained from the qPCR and the microarray experiment. The selection of genes that were chosen for the qPCR analysis was based on their high differential expression as well as on the fact that some of them were shown to be master regulators after the GO revenge analysis (PPARG, ENPP1). Among the five genes tested all genes were confirmed to show the same directional changes in skin fibroblasts of BD samples as compared to healthy controls (Table 4 ; Figure3A-3E).
Pathway analysis
The DE genes of Supplementary Table 1 were submitted to StrAnGER web application for the elucidation of the overrepresented GO terms and KEGG pathways. Full results are presented in (Supplementary Tables 2-13 ).
Identification of candidate hub genes
GOrevenge online tool was used in order to identify genes that play a central role according to the GO tree. The list of all genes that have shown to present differential expression, as well as the lists of the upregulated and the downregulated genes were submitted to GOrevenge and the analysis was performed based on GO term CIDEA, MBP, RIPK4, APOL6, FOXRED2 and SMTN. In a genome-wide association study of BD in Canadian and UK populations [41] among the identified single nucleotide polymorphisms (SNPs), genes TBC1D22B, MAP2K6 and ZNF536 from our list were included. In a list of DE genes from biopsied olfactory neuroepithelium of BD patient [42] genes HYAL1, UGP2 and BAZ1A from our list were identified.
It is very interesting to comment some of the top downregulated genes, including ADH1A and ADH1B (Supplementary Table 1 ). Both 
Comparison with datasets of patients with BD and other psychiatric diseases
In this study we compared our significant genes ( Supplementary  Table 1 ) with the genes identified as significant in a gene expression study of postmortem brains of BD patients [11] and 38 genes were found to be common (see Supplementary Table 17 ). The DE gene list of this study was also compared with the corresponding list from a mega-analysis of genome-wide gene expression studies of post-mortem brain BD samples [12] . The following genes were found to be common: EPHB6, CLEC3B, NID2, RHOBTB3, KLF4, PDE4DIP, and LPCAT2. We also performed another comparison with a list of genes located into regions repeatedly linked with BP [40] . According to this comparison the following genes were found to be common: CD164, SLC25A10, to BD and other mental diseases (e.g. norepinephrine, dopamine and serotonin). Zuo et al. studied the associations between neuropsychiatric diseases and ADH variants demonstrating common ADH variants associated with SZ and autism. More specifically rare ADH variants are associated with alcohol dependence and common ADH variants with SZ and autism, possibly affecting the metabolic pathways of monoamines in all psychiatric diseases. ADH1B encodes the enzyme ββADH, which inhibits the metabolite 5-hydroxyindole acetaldehyde to 5-hydroxytryptophol and enhances the formation of the metabolite 5-hydroxyindoleacetic acid, which is an important metabolite of serotonin [43] . Since 5-hydroxyindoleacetic acid is a reflection of serotonin, these findings indicate altered serotonin availability. Serotonin neurotransmission is strongly correlated to BD and there are studies indicating high levels of this metabolite in postmortem brains (frontal and parietal cortex) of BD patients [44] . Other studies on manic and depressed patients have identified decreased levels in 5-hydroxyindoleacetic acid in the cerebrospinal fluid. Of note, the selective serotonin reuptake inhibitors are used for the treatment of mania and depression, enhancing the importance of the serotonin metabolism in this psychiatric disorder [20] . ADH1A variation is also associated to personality traits and substance dependence. The encoded enzyme aaADH enzyme probably oxidizes retinol. Retinol is playing an important role for the preservation of the dopaminergic neurons of the brain and of dopamine, serotonin and norepinephrine [45] .
Another important downregulated gene which was identified in this study is SLC39A8 ( Table 4 ). The altered expression of this gene between BD samples and healthy controls was also confirmed by the qPCR analysis. This gene is a solute carrier, with similar structural characteristics of zinc transporters. It is located in the plasma membrane and mitochondria, and participates in the import of zinc into the cells during inflammation. In a study of Carrera et al., where the authors look for nonsynonymous SNPs that show associations with SZ of European population, the downregulated gene SLC39A8 is detected [46] .
Statistically significant pathways
Among the GO categories and KEGG pathways presented in (Supplementary Tables 2-13) , emphasis was given in specific categories, namely cellular response to retinoic acid and retinoic metabolism, circadian rhythm alterations, calcium ion homeostasis, small GTPase mediated signal transduction and cell cycle alterations.
Cellular response to retinoic acid and retinoic metabolism
The GO term analysis resulted in cellular response to retinoic acid including the downregulated genes PPARG, AQP1, TNC, CYP26B1 as well as WNT2 and the KEGG pathway analysis resulted in retinoic acid metabolism including the downregulated genes ADH1A, ADH1B, CYP26B1 and the upregulated gene RETSAT. In accordance to these results a study on brains from patients with SZ, BD, or major depression demonstrates upregulation of the retinoic acid-inducible gene 1, indicating possible changes in signaling pathways such as retinoic acid pathway [47] . It has been also suggested that there is a relationship between affective disorders and retinoids. The evidences for such a support are clinical and preclinical results for either decreased or increased levels of retinoic acid related to depression symptoms. Mouse models exposed to 13-cis-retinoic acid resulted in depression-like behavior and a decrease in learning and memory. Retinoic acid has also the ability to cross into the brain and moderate directly the neurotransmitter system of hippocampus and striatum, both associated to depression mechanisms [48] .
Regulation of circadian rhythm
The functional analysis detected among the downregulated GO terms the regulation of circadian rhythm represented by the genes PRKDC, MAPK9, PPARG and EZH2. Circadian abnormalities have been long related to BD [49] . It is typical for BD patients to present alterations in their sleep and wake cycle during the state of mania and depression. The circadian abnormalities are also indicated through measurements of body temperature and hormonal secretion profiles. Fibroblasts have been used as a model for studies on circadian oscillators of BD patients. These studies are based on the fact that similar features of the clock mechanisms lie behind the circadian related gene expression of fibroblasts and of the central clock located in the suprachiasmatic nuclei of the anterior hypothalamus. Alterations in the expression of clock-controlled genes may cause other downstream effects, contributing to the pathogenesis of BD [38] . 
Small GTPase mediated signal transduction
Among the GO terms of the analysis, the regulation of small GTPase mediated signal transduction was identified according to the downregulated genes ARHGAP40, ARHGAP12, ARAP3, RHOT1, HMHA1, ARAP1 and ARHGAP29. Previous microarray experiments on postmortem brain have also shown that genes involved in G-protein signaling pathways perform an altered expression in patients with BD. The transcriptional changes in the second-messenger signaling pathways of BD patients may have a regulatory effect on downstream molecules of signal transduction, on dysregulations of cell membrane receptors and generally on deregulated cell response to extracellular stimuli. Other studies in BD show alterations in the subunits of G-proteins and in signal transduction. Additionally, lithium and other antidepressant drugs act on second-messenger signaling system [50] .
Cell cycle and apoptotic alterations
The GO term analysis also identified differences in cell cycle related GOs, such as downregulation of mitotic cell cycle (PIM1, BIRC5, TTC28) and downregulation of epithelial cell proliferation (LAMC1, OSR2, GAS1, HYAL1). Additionally GO terms related to apoptosis were identified, such as downregulation of positive regulation of apoptotic process (CAMK1D, MAPK9, CASP2, FAM162A, FLCN, DDX20, BNIP3L, LPAR1, SLIT2, PRKDC, PPARG, AIFM2) and positive regulation of apoptotic signaling pathway (PIM1, BIRC5, TT28). Expression profile of fibroblasts from schizophrenic patients also concludes to altered expression of mRNA transcripts and proteins related to cell cycle [51] . Gene expression profiling of biopsied olfactory neuroepithelium also identifies genes related to apoptosis and cell cycle. Increase of cell death reported in this group enhanced the hypothesis of an altered balance between neurogenesis and cell death in BD [42] .
Calcium ion homeostasis
Concerning the GO term calcium ion homeostasis the following genes were downregulated: MUC1, WNT2, CYP26B1, AQP1 and PPARG. Calcium ions are very important for the regulation of the synthesis and release of neurotransmitters as well as for the neuronal excitability. Deregulated Ca 2+ signaling is a reproducible observation in BD studies. Thus, many studies of peripheral cells from BD samples have investigated intracellular Ca 2+ . These studies report altered Ca 2+ release and concentration in platelets, lymphocytes and neutrophils of BD [49] . Genome-wide association studies in BD conclude to a small number of replicated loci, including CACNA1C an alpha-1 subunit of a voltage-dependent calcium channel. Calcium channels facilitate the influx of calcium ions into the cell upon membrane polarization. Another replicated polymorphism is identified in ANK3, which is responsible for the regulation of assembly of voltage-gated sodium channels at the node of Ranvier. These polymorphisms indicate altered membrane organization and possible channelopathies [52] . In a recent study the transcriptome of pluripotent stem, cells which were derived from skin fibroblasts of BD patients and are differentiated into neurons is examined, and among the differentiated genes there are genes encoding bound receptors and ion channels, as well as calcium signaling [52] . These findings are in relevance to the GO terms identified as highly ranked in this study, such as calcium ion homeostasis, receptor complex and receptor internalization.
Amino acid transport and BD
Consisting findings of aberrant amino acid transport across the cell membrane of fibroblast cells from patients with SZ, BD, autism and Attention Deficit Hyperactivity Disorder (ADHD) indicate alterations in the expression levels of the genes encoding the amino acid transporters [15, 20, 53, 54] .
This study has shown the downregulation of the gene SLC6A6 (Supplementary Table 1 ), which encodes a membrane protein, member of sodium and chloride-ion dependent transporters responsible for the transport of taurine and beta-alanine [provided by RefSeq, May 2013]. Aberrant alanine transport is also reported in fibroblast cells from children with ADHD and autism [15, 54] . It has to be mentioned that alanine transport is related to tyrosine transport in a competitive way [55] . It is also noticed that gene SLC7A1 (Table 3) , which encodes a solute carrier family 7 (cationic amino acid transporter, y + system), member 1 presents a trend towards being upregulated. Although tyrosine is transported through the isoforms of system L encoded by other genes, aberration in the cationic amino acid transporter, y + system may also affect tyrosine transport [56] .
Apart from the genes encoding specifically the amino acid transporters, the altered expression of other genes could also contribute to the dysregulation of the observed amino acid transport systems. Such downregulated genes are involved in the molecular function of ATase activity, such as DDX20, MSH5, RFC3, MYO1E, FIGNL1, SPAST, DDX51, VWA8, MCM4, RHOBTB3, ATP2B1 and TOP1MT. There are indications for deregulated cation distribution in patients with major affective disorders for the last 30 years. The first findings reported abnormalities in sodium balance. Later findings mention more specific evidence of alterations in the activity of Na + , K + adenosine triphosphatase of BD patients. This enzyme is responsible for the active transport of sodium and potassium through the cell membrane. Additionally, active amino acid transport systems may be subsequently influenced concluding to deregulation of the active transport of amino acids, implicated in BD [57] .
The gene PLA2R1 which encodes a phospholipase A2 receptor has been found to be downregulated in this study and since this receptor participates in clearance of phospholipase A2 this gene might result in the increase of action of this phospholipase, a hypothesis which is in accordance with previous findings in BD and in other psychiatric disorders [58, 59] . Nevertheless phospholipase A2 activity as well as phospholipase C and inositol monophosphatase are inhibited by lithium and this leads to alterations in phospholipid and fatty acid signal transduction mechanisms in BD patients [24] .
ADH1A (presenting the greater downregulation among the DE genes) and ADH1B genes are implicated in tyrosine metabolism as well as in fatty acid metabolism ( Supplementary Table 13 ). KEGG pathway analysis with StRAnGER actually ranked these pathways among the statistical significant pathways resulted from the downregulated genes. Tryptophan metabolism was also identified among the significant pathways due to the downregulated gene AFMID and INMT. Alterations in the metabolism of these amino acids suggest further alterations in the dopamine and serotonin availability and functionality [55] .
Conclusion
This is the first microarray study of skin fibroblast cells from BD patients that has been performed in order to elucidate the underlying biological mechanisms. The RNA samples from the five healthy control subjects have been sub-pooled into two samples to limit the individual caseto-case variation of gene expression that is unrelated to BD. In this way Illumina HumanHT-12 v4 Expression BeadChips with a 12-sample format has been used, enabling relative large gene expression studies to be completed relatively quickly with a modest decrease in the total number of subjects. Several studies have shown that this sampling approach is statistically valid and can offer at the same time equal power and even increase the effectiveness of microarray experiments [60] .
The medication status of the BD patients was recorded at the stage of sample collection. Due to the heterogeneity of the utilized drugs and the lack of knowledge of the way they affect the neurobiological mechanisms, it would be difficult to make conclusions concerning their effects. Still, it is improbable that the medication profile at the period of biopsy affects the results, as the fibroblast cells were cultured in vitro for some generations. Preferably, the outcomes from the fibroblasts of BD patients may reflect inherited characteristics that have the ability to pass on through many cell passages [14] .
In conclusion this study revealed 457 genes that were differentially expressed. Among them, the five top upregulated genes were ENPP1, SNAR-A1, LPCAT2, KRT19 as well as RGN, and the five top downregulated genes were ADH1A, SLC39A8, PPARG, ADH1B and INMT. The genes of ADH isoforms are involved in the metabolism of neurotransmitters such as dopamine [43] . The downregulation of genes ADH1A and ADH1B may be related to findings concerning decreased levels of the catecholamine metabolite homovanillic acid in cerebrospinal fluid of patients in the state of depression. Thus, dopamine withdrawal in depression states and dopamine excess in the manic states continuously reported in BD may be related to differentially expressed genes involved in the catecholaminergic metabolism. The downregulated genes ADH1B and INMT are involved in the serotonin metabolism. Alterations in serotonin metabolic pathways are indicated by other studies reporting lower levels of the serotonin metabolite 5-hydroxyindoleacetic acid in the cerebrospinal fluid, which is correlated to manic symptoms. Additionally, in depressed and euthymic patients, a decrease in serotonergic activity has been observed [61] .
Additionally, we identified statistically significant GO terms that are related to pathways such as calcium ion homeostasis, regulation of mitotic cell cycle and epithelial cell proliferation. Furthermore we identified genes related to small GTPase mediated signal transduction, cellular response to retinoic acid and retinoic metabolism and circadian rhythm alterations. Aberrant Ca 2+ signaling is a repeated observation in BD studies [52] , and this study indicates that these abnormalities may be related to gene expression alterations in BD patients. Cell cycle alterations are also reported after gene expression profiling of skin fibroblasts from schizophrenic patients and gene expression profiling of olfactory neuroepithelium from BD patients [42, 51] . Deregulations in small GTPase signal transduction indicated from this study are in accordance with previous findings concerning the effect of lithium and other antidepressants on second-messenger signaling systems [50] . Retinoic acid can enter the brain and affect the neurotransmitter system in stratium and hippocampus, which are related to the depression mechanisms [48] . Alterations in the expression of circadian rhythm related genes may lead to the observed abnormalities of sleep wake cycles of manic states in BD and may also cause further downstream effects involved in the BD pathogenesis [38] .
It should also be mentioned that concerning the amino acid transport mechanisms which have been shown to play a specific role in the pathophysiology of BD, various genes and pathways have been found to be involved, such as taurine and alanine transporter SLC6A6, the cationic amino acid transporter SLC7A1, the phospholipase A2 receptor PLA2R1, the tyrosine and tryptophan metabolic pathways, ATPase activity and fatty acid metabolism. These findings may explain the alterations observed in tyrosine transport mechanisms in bipolar type-1 disorder, implying an abnormal access of tyrosine in the brain that could lead to dysfunctional neurotransmitter systems [62] .
